A summary of ATLAS and CMS QCD and electroweak related Standard Model measurements is presented with emphasis on recent results.
Introduction
The challenge of our generation in High Energy Physics (HEP) is to find New Physics, i.e. evidence that there is a theory Beyond the Standard Model (BSM) that is needed to make sense of experimental data. So far it didn't happen. The Standard Model (SM) of particle physics has been successful at explaining all results obtained at collider experiments (and others) so far. The entire particle spectrum included in the SM has fully been directly and unambiguously observed, the last missing piece being the Higgs boson discovered at the LHC in 2012 [1, 2] . The structure of the three fundamental interactions included in the SM has long been confirmed to a high level of precision. The most striking example certainly comes from quantum electrodynamics where predictions of the electron magnetic moment at a five-loop accuracy have been experimentally verified [3] . Precision measurements of electroweak parameters such as the mass of the Z-boson (∆M Z ∼ 0.002%), the width of the Z-boson (∆Γ Z ∼ 0.09%) or the weak mixing angle (∆sin 2 θ W ∼ 0.5%) provide a few of many more examples [4] that established the Standard Model as the best theory we have in HEP.
Over the last a few decades, a large part of the physics program of various collider experiments consisted of looking for significant deviations between experimental measurement results and SM predictions, with the expectations of isolating phenomena, which could only be explained by one of the BSM theories in the market (or yet to be formulated). The synergetic efforts between the theory and the experimental HEP communities aiming at the development and the observation of physics beyond the SM does however not account for the bulk of HEP research effort. An important part of this work, both in the theoretical and the experimental communities, consists of sophisticated and precise predictions or measurements of SM processes. The question is then: why, if the SM is so successful and has been confirmed to a high level of accuracy, there is still the need to further develop and explore this theory?
One obvious answer is that the SM predicts many rare processes that have not yet been observed, but which would be background to some of the New Physics processes predicted by interesting BSM extensions. For example, vector boson scattering processes predicted by the SM have not yet been experimentally measured but could reveal the existence of extra quartic gauge couplings not included in the SM. Accurately predicting and measuring these SM rare processes is therefore one of the reasons why work is dedicated in HEP to further explore and develop the SM. In general, measuring precisely some of the SM parameters, especially those characterizing the weak interaction, and looking for deviations with respect to the SM predictions, is a powerful way for discovering new phenomena, justifying work toward the SM in HEP. However, the most serious efforts in SM-related research activities, both from the theory and the experimental perspectives, comes from studies of the strong interaction. In the following, we will briefly explain why QCD measurements are critical for HEP. We will then expand a little more on the relevance of electroweak interaction measurements at the Large Hadron Collider (LHC), before discussing some of the most important and interesting experimental results obtained by the ATLAS and CMS Collaborations on QCD and electroweak physics.
The Strong Interaction at Hadron Colliders
The strong interaction intervenes in various ways and at various scales in every single event at hadron colliders. Of course, the matrix element (Feynman diagrams) of the processes of interest might include a strong interaction vertex. QCD would therefore be required for predicting cross sections for these processes. However, even if no such vertex is present in the Feynman diagrams of interest, the fact that the initial state particles of any collision at hadron colliders involve quarks and gluons, implies that the strong interaction plays a role in the description of any hadron collider event. Predictions indeed need to account for parton distribution functions (PDF), soft parton emission from initial or final state quarks and gluons, parton fragmentation and hadronization in jets of particles, and spectator hadronic activity, referred to as underlying events 1 . While the processes described by the matrix-element calculations happen at highly virtual energy scales (Q 2 ), where the strong coupling constant α S is large, and so where perturbative calculations can be made, parton distribution functions, fragmentation, hadronization, and underlying event phenomena happen at a much lower Q 2 scale, where perturbative calculations are not possible because of the too high value taken by the strong coupling constant α S . This is however not a hindrance to the predictability of LHC phenomena thanks to the factorization theorem. It states that the probabilities for large distance and short distance processes factorize. The large distance factors are universal and can be obtained from ancillary measurements, before being convoluted to the small-distance matrixelement calculations. This allows for testable predictions of any processes occurring at hadron colliders.
Additional complications come from the fact that these large-distance phenomena don't fully scale, i.e. that they need to be "evolved" from a Q 2 scale characterizing large distances, to a higher energy scale describing short distance physics. This can be done, for the PDFs, by a differential equation, the DGLAP equation, while the partonic system can be "evolved" using a parton shower algorithm. Once again, QCD has the elements to address these predictability issues. There are however problems that lie in the details of these solutions that save the predictive power of QCD.
The main issue comes from the fact that the theories used to describe the various QCD effects discussed above involve assumptions, approximations, simplifications, and phenomenological models (not obtained from first principles) that impact the final state selections and differential cross section predictions. For example, parton showers are formulated in the soft and collinear approximation, where QCD radiation is enhanced, therefore underestimating hard jet production. In addition, parton showers can only approximatively cure the effect of the first two powers of large logarithms that undermine perturbative calculations obtained from matrix elements (approximate Next-to-Leading-Log resummation). Finally, the description of the final states predicted using a parton shower depends on the choice of parameters used in the algorithm. For example, the kinematic of the jets obtained from a parton shower algorithm would vary with the choice of the ordering parameter that determines the kinematic hierarchy of the parton emitted in their evolution from small to large scales (and vice versa). PDFs are also a significant source of uncertainty on any LHC predictions. As mentioned above, they must be extracted from ancillary measurements before being convoluted to the predictions obtained from matrix-element calculations. These ancillary measurements involve both statistical and systematic uncertainties that are then propagated to the main LHC predictions. There are also theoretical assumptions that are used to extract the PDFs from ancillary data and to evolve them to the scale at which matrix-element calculations have been made. These constitute further sources of uncertainties on any LHC predictions. Finally, to obtain a complete description of hadronic events, phenomenological models involving ad hoc assumptions and relying on many free parameters are used to predict the impact of fragmentation, hadronization, and underlying events on the predictions. All these assumptions, simplifications, and approximations result in uncertainties assigned to any LHC predictions and measurements. These uncertainties can often be larger than a new physics signal to be observed over SM expectations. Such uncertainties on QCD prediction could therefore mask a new physics discovery at hadron colliders, generate a false signal, suppress the sensitivity of data analysis to new physics, or simply impede the interpretation of a new physics signal, would a discovery be made. This is the main problem with QCD.
These predicaments can however be mitigated by a better theoretical description of the various QCD effects, which require more precise and sophisticated experimental measurements of QCD for testing the theoretical improvements, and for exploring aspects that require new developments. It is therefore necessary, for the possibility of a successful discovery program at the LHC, to devote efforts at better understanding and improving QCD.
The Weak Interaction at Hadron Colliders
The SM contains 26 parameters: 12 fermion masses, 3 coupling constants, 9 matrix elements and phases, and 2 Higgs parameters. There are however only 17 of these that need to be measured because of the dependence predicted by the SM between many of these parameters. Measuring all the parameters therefore allow to exploit the redundancy to reveal potential inconsistencies between measured values, possibly hinting for new physics. In that context, new precise measurements of electroweak parameters give more stringent consistency tests, hopefully leading to a discovery. Even if the scale at which new physics would occur is much larger than the weak scale directly accessible at the LHC, electroweak relationships and parameters can be used to define observables in which new physics can be probed through virtual loop effects. For example, the measurement of a non-zero value for the three oblique parameters S, T, and U, parametrizing gauge boson selfenergies, would provide a clear evidence for BSM physics [8] . In order to discover new physics from such virtual effects, very precise SM measurements are needed.
It is certainly possible for physics beyond the SM to be described by a theory not yet formulated. This possibility does however not hinder the search strategy of the LHC. For example, the framework of effective field theory can be used to parametrize new physics effect at low energy in a generic way, by adding higher dimensional operators to the SM Lagrangian. A plethora of new physics operators can be tested in this somehow model-independent way. This is the idea behind the precision measurement of triple and quartic gauge couplings: deviation with respect to the SM predictions would reveal the effect of such higher dimensional operators.
From these two categories of exemple, we can see that, for different reasons than those used to justify QCD measurements, precise experimental and theoretical investigations of the SM electroweak sector are necessary for the success of the LHC discovery mission.
Adopted strategies
The focus below will be on the knowledge gained on the SM from the experimental measurements in ATLAS and in CMS. In order to enhance our knowledge of the SM from these measurements, the general adopted strategy is essentially the same for all the examples reported below. This strategy consists of choosing to measure a set of differential cross section observables for which different SM theoretical predictions disagree with each other, and to use measurement results to determine which calculation provides the best description of the data, and which theoretical improvements are needed. This is illustrated in Figure 1 , where we can see that the Pythia 8 [9] , the Herwig++ [10] , and the MadGraph+Pythia8 [11] predictions for the azimuthal angular decorrelation (∆φ 12 = π) between the two leading jets in inclusive 2-jets events are in complete disagreement. The results of the measurement of this quantity obtained by the CMS Collaboration [12] , however, demonstrates that the MadGraph+Pythia8 prediction is much better than the two others at describing the data. It can therefore be concluded from this measurement that parton showers provide a poor description of azimuthal angular decorrelation data, especially at large angles, but that matching a parton shower to a matrix element successfully yields a good description of such phenomena. This is not unexpected in view of the progresses that have been made over the last 15 years of QCD studies, but it illustrates well the strategy put in place by experimental collaborations in order to provide crucial information about the strong interaction from their observations. The azimuthal angular decorrelation (∆φ 12 = π) between the two leading jets in inclusive 2-jets events as measured by the CMS collaboration [12] .
In the following, a sample of QCD measurement results, illustrating some of the most interesting recent LHC observations, will be presented. Note however that with over 120 results for each experiment, it is impossible to cover all the SM measurements that have been done by ATLAS and CMS in Run 1 and Run 2. It is also impossible to discuss in detail the measurements to be presented below. The focus will therefore be on some of the most striking or puzzling results that have been published by ATLAS and CMS in 2016-2018. Results are gathered according to QCD or electroweak physics most relevant to each measurement. In the next section, results about PDF studies will be presented, followed by those related to the understanding of soft parton radiation (QCD Bremsstrahlung). Section 4 will then focus on phenomena involving hard parton emission. The last two sections of this proceeding will elaborate on the measurements of processes dominated by the electroweak interaction and on the measurements of electroweak parameters respectively.
Parton Distribution Functions
W and Z total and differential cross section measurements are used in PDF fits to improve the description and the precision of light-quark (u, d, s) PDFs. These measurements are also highly valuable for purely experimental reasons in that they provide reference cross sections for luminosity and charged lepton transverse momentum (p T ) calibration, and provide an empirically meaningful validation of the experimental tools used in many other measurements. The dominant source of uncertainty (1.8%) affecting the ATLAS absolute cross section results [13, 14] comes from independent luminosity estimates used to derive the measured cross section values. Taking the ratio of the total inclusive cross sections obtained with W + and W − events allows for a cancelation of such uncertainty, leading to a total precision of 0.4%. This is sufficient for in-depth tests of lightquark PDF modeling. As can be seen in Figure 2 , ATLAS data feature an excellent agreement with the JR14 and NNPDF3.0 using Run 1 data. However, refinements of these PDFs led Run 2 ATLAS data to favor CT14nnlo and MMHT14nnlo68CL PDFs. It is interesting to contrast this to the conclusions that can be drawn from differential cross section measurement results. For example, ATLAS 7 TeV results [13] for the measurement of the W − charged lepton pseudo-rapidity ( Figure 3 left) and CMS 8 TeV results [16] for the W charge asymmetry (Figure 3 right) both favor the ABM12 PDF set over the others. This is not necessarily a contradiction. These PDF sets have many common features. The objective of all these measurements is not so much to find the best PDF but to use these measurement results in the various PDF fits, improving the agreement between each PDF central value and the data and reducing the size of the PDF uncertainty band. This is illustrated in Figure 4 where light-quark valance PDFs including the LHC data in the fit are compared to the PDFs before the LHC data inclusion for various x values. We can see in this figure that the LHC data modify the central value of the light-quark PDFs, especially at low x, and also reduces the overall PDF uncertainty. Each of the PDF sets that roughly agree with the data can be improved this way.
The biggest impact ATLAS W and Z inclusive cross section measurements had on PDFs however comes from the description of strange-quark PDFs. The inclusion of the 2010 ATLAS W and Z cross section measurement results in s-quark PDF fits indicated an enhancement of the strangeness contribution to PDFs compared to what was obtained in neutrino-induced charged-current deep inelastic scattering experiments [15] . Before the ATLAS results, these PDFs were poorly known at low-x due to the restricted kinematics in fixed-target experiments. Nuclear effects also made the PDF extraction from fixed-target experiments more complicated and less precise. ATLAS results were therefore acceptable, but they needed confirmation. Repeating the measurement with Figure 2 : Comparison of the inclusive W + to W − fiducial cross section ratio between theoretical predictions using various PDF models to the ATLAS (left) 7 TeV data, and (right) 13 TeV data [14] . the full 2011 dataset, the ATLAS Collaboration dramatically improved the knowledge of s-quark PDFs and confirmed the strangeness enhancement observed in 2010, suggesting a restoration of the SU(3) flavor symmetry in the sea distribution. These results are respectively presented in the left and right panels of Figure 5 .
The result of inclusive jet cross section measurements can also be used to improve our knowledge of PDFs, especially of the gluon PDFs. As can be seen in Figure 6 (left), jet double differential inclusive p T vs. rapidity distributions obtained from perturbative QCD (pQCD) predictions describe all the generic features of the LHC data for the corresponding distribution up to the TeV scale, covering many orders of magnitude in cross sections [17] . The measurement results are so precise that NNLO calculations are needed to describe the data, as can be seen on the right panel of Figure 6 [18] . These data can therefore be included in PDF fits in order to improve our [16] . Right: Impact of the W/Z inclusive cross section results with ATLAS 7 TeV data ond-quark MMHT14 PDF set [13] . PDFs as a function of Bjorken-x at a scale of Q 2 0 = 1.9 GeV 2 for the MMHT14 PDF set before and after profiling (PDF and its uncertainty at the min of the χ 2 quantifying the compatibility of the data with the theory). Right: Ratio R s (x) of the strange-quark to the light-sea-quark contribution to the PDFs from the present ATLAS-epWZ16 determination at the starting scale Q 2 0 = 1.9 GeV 2 . Both results are obtained from [13] .
knowledge of the gluon PDFs. This is particularly striking at high-x, where triple differential cross section measurements performed by both the ATLAS and the CMS Collaborations led to an order of magnitude reduction in the gluon PDF systematic uncertainty for processes at both low and high Q 2 . This is illustrated in Figure 7 with the CMS results [17] . To obtain such level of precision, the correlations between all systematic uncertainties in the experimental measurements needed to be accounted for. All these results demonstrate how important ATLAS and CMS data are for the knowledge of the structure of protons. Rel. uncert. The gluon PDFs as a function of x as derived from HERA inclusive DIS data alone (hatched band) and in combination with CMS dijet data (solid band) [17] . The PDFs are shown with their total uncertainties at the evolution scales Q 2 = 1.9 GeV 2 and Q 2 =10 4 GeV 2 (right).
Soft Parton Radiation
Precise measurements of the W-boson or the Z-boson transverse momentum distributions provide tests of multiple aspects of QCD phenomena. The position of the peak of this distribution in-forms about the intrinsic k T of the partons within the protons, one of the parameters used to model large-distance physics included in each theoretical predictions at hadron colliders. In addition, the tail of the transverse momentum distribution can be used to test higher order pQCD corrections to W and Z matrix-element calculations, probing the (N)NLO level of accuracy. However, the main importance of such measurement is to use the low to moderate p T kinematic regime to test the large logarithms resummation at up to Next-to-Next-to-Leading-Log (NNLL) accuracy, or equivalently, to test and tune initial state radiation parton shower models used in all other hadron collider predictions. The p Z T ATLAS measurements made with the large 20 fb −1 8 TeV dataset [20] lead towards many important conclusions. As can be seen on the left panel of Figure 8 , NNLL soft-gluon resummation performed with RESBOS 2 provides a good description of the data at low and average p Z T , but not when hard gluon emission dominates. In this high-p T regime, however, fixed-order predictions are not better at explaining the data, even when the NNLO accuracy is reached, as can be seen on the right panel of Figure 8 . Similar conclusions are obtained from pure parton shower modeling of QCD radiation. It is therefore crucial to use a fixed-order matrix-element calculation matched to a parton shower, even if the matrix element is only available at the leading order, in order to be able to describe vector boson transverse momenta at larger values. Note that the predictions widely vary with the choice of a parton shower model and its free parameter values (see left of Figure 9 ). The p Z T observable is therefore highly valuable for testing parton shower improvements and tuning its parameters. Once a a good description of soft QCD emission is established with one process, it can be used in the prediction of a wide range of other processes. For example, as demonstrated by the CMS Collaboration with their measurement of the ratio of the Z-boson p T to the W-boson p T [22] , a shower validated with Z events could be used to describe W events with high accuracy, even if the matrix element features some differences between the two processes at higher order. This is illustrated on the right panel of Figure 9 .
Tuning is, in a sense, a way to mitigate modeling defects by leaving sufficient freedom to the parametrization used in the model for it to provide an accurate description of the data. This is illustrated in Figure 10 . On the right panel of this figure, the Pythia parton shower has been tuned to the ATLAS Z-boson p T measurement presented above. The predictions, before and after tuning, are compared to the measurement result of a different quantity than the tuned one: the φ observable, correlated but more precise than p Z T [24] . The agreement after tuning is excellent. The left panel of Figure 10 is just the opposite procedure: the Pythia parton shower has been tuned with a measurement of φ , and the quality of the tune is tested against the p Z T measurement. Once again, tuning allows for an excellent description of the data. It is important to realize that on the right panel, the matrix-element calculation is provided by Pythia, so it is a leading order calculation. On the left panel, the Pythia parton shower is merged to the NLO Powheg matrixelement calculation [25] . Even if Powheg+Pythia provides a better description of the data before tuning, there is no difference between the two predictions after tuning. Tuning therefore takes away defects on QCD modeling, no matter what they are.
The importance and impact of tuning must however not be overstated. First of all, p Z T and φ 2 RESBOS is an approximate NNLO prediction because it uses NNLO Wilson coefficient functions to apply corrections to initial state radiation calculations. RESBOS also uses the GNW parametrization at low p T to model nonperturbative effects. It does however not include γ * contribution, leading to significant disagreement with the data for p T ∼ 50 GeV when the mass of the Z-boson is in the range 46 GeV < M ll < 66 GeV. [21] [GeV] [20] . For the comparison to the ResBos predictions, the leptons are required to have an invariant mass consistent with the Z-boson mass peak (66 GeV < M < 116 GeV). DYNNLO [23] predictions are compared with the data in six different M regions. In all cases, the rapidity of the leptons is required to satisfy |y | < 2.4. [20] . Right: CMS measurement of the normalized p T differential cross section ratio of Z to W for muon channel compared with theoretical predictions [22] .
are highly correlated. The agreement with data is in general imperfect when tuning and testing are made on very different observables: tuning provides a better description of the data featuring a similar event topology than the one used in the tuning process. This is illustrated in Figure 11 . The AZNLO tune presented above has been obtained from the 7 TeV ATLAS Z p T and φ measurements selecting Z-boson candidates with an invariant mass in the range 66 GeV < m ll < 116 GeV. The middle panel of Figure 11 shows that testing this tune against the independent 8 TeV ATLAS data yields an excellent agreement: the tune describes well this kind of event topology. However,
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Recent when looking at the same φ distribution, but for Z-boson candidates with an invariant mass in the range 46 GeV < m ll < 66 GeV (upper panel), the old tune provides a better description of the data than the new tune. The value of a tune is therefore of very limited scope, and it cannot be the solution to all QCD emission mis-modeling issues for future predictions. Improving the models provides a more general, robust, and stable solution than hiding the defects with a dedicated tune.
Other observables than p Z T and φ are more directly related to the soft QCD radiation. This is the case of k T -splitting scales. Parton radiation is intimately related to jet clustering algorithms: each step of the k T algorithm [26] identifies the pair of partons which would most likely proceed from QCD emission or splitting. Sequential k T -type jet algorithms therefore produce infrared-and collinear-safe branching histories of partons. This is, for example, used in the CKKW-L merging procedure to determine when a branching occurs. Measuring the k T -splitting scales at different steps of the corresponding jet clustering iteration would allow testing resummation, parton shower, merging procedure, and higher order matrix-element corrections at different scales. We can define a hierarchy of such k T -splitting scales as the scale for which the number of inputs to a jet clustering drops from k + 1 to k particles. This scale is noted as √ d k . As such, large k and low √ d k values are sensitive to soft emission and to non-perturbative effects; low k and high √ d k are sensitive to hard radiation. Figure 12 presents the results of the ATLAS k T -splitting scale measurements on W→ ν events [27] . The left panel features a measurement of √ d 0 . Interesting conclusions can be obtained from it. The results confirm that low √ d 0 region is sensitive to the choice of a parton shower model, and it is therefore ideal for testing potential improvements in soft QCD radiation modelings. The high √ d 0 region is not sensitive to the modeling details of soft QCD effects, but it demonstrates that the data are better described by high-multiplicity predictions, matched to a parton shower, even if the matrix elements are only calculated at tree-level, than by the low-multiplicity predictions obtained at an NLO accuracy. Combining a high-multiplicity matrix-element calculation at NLO with a parton shower would therefore be the best way to generally improve the predictions. This is what is attempted by the Sherpa community with their MEPS@NLO prescription [28] . The right panel presents the measurement results of the ratio
, which is more precise than any of the k Tsplitting scale measurements. Such a ratio is sensitive to parton showers and NLO matrix-element matching procedures. As can be seen in Figure 12 , the MC@NLO matching strategy provides a better description of these data than the Powheg approach.
An alternate approach to parton shower (or analytical resummation) developments for describing events with important soft QCD radiation activity is to strip the soft radiation off the event, leaving only the hard activity. This is what the soft drop grooming procedure achieves. Soft drop is a jet grooming procedure that eliminates the non-global logs due to the correlation between the inand out-of-jet scales, which prevents parton shower from going beyond the LL accuracy [30] . By applying the soft drop algorithm to jets, the soft portions of a jet are removed, resulting in a dramatically reduced Sudakov peak in the jet mass distribution, showing that very soft and collinear radiation has been removed. The soft drop procedure therefore yields NNLL resummed jet observables. The CMS Collaboration applied this technique to a jet mass measurement [29] . As can be seen in Figure 13 , after the soft drop grooming procedure is applied, there is almost no difference between different parton shower models and between parton showers and explicit NNLL resummation predictions for a wide range of jet mass values. The comparison with the data also reveals that the Sudakov correction has been suppressed as expected. This grooming procedure is therefore interesting for studying hard processes without bias due to soft QCD effects. 
Hard Parton Emissions
Searches for new physics frequently require very hard jets in the events. The accuracy of the modeling of such hard QCD activity can be studied in W or Z events with more exclusive final states. At the LHC, there is a very large phase space available for QCD Bremsstrahlung, leaving room for pQCD hard radiation to be studied with large datasets. To study these effects, one simply needs to select events for which the vector boson is accompanied by a certain number of high momentum jets. The predictions for such events involve different challenges than what has been considered above for inclusive observables. When jets are explicitly required in the final state, both the initial and the final state radiation gets entangled. However, the biggest challenge comes from the fact that requiring jets in a final state results in the realization of multiple very different energy scales in each event, forcing more sophisticated predictions.
The number of observables that can provide important information about pQCD in this context is huge. The simplest one is probably the jet multiplicity itself. ATLAS [32] and CMS [33] jet multiplicity results, obtained from 13 TeV W/Z+jets measurements, are presented in Figure 14 . These results provide important information on how best to model the hard QCD radiation. For example, parton showers lack of large angle hard emission. A good description of the data therefore requires matching between a matrix-element calculation, describing the hard jets in the event, and a parton shower, to describe the soft jet activity. Experimental results indicate that a better description of the data is obtained from matrix-element calculations involving a large number of jets, even if calculated only at leading order, than a fewer hard jets calculated at NLO. Similar conclusions have been obtained with the k T -splitting scale analyses. Finally, the high jet multiplicity region provides an interesting opportunity to test possible improvements in the merging strategy used to complement matrix-element predictions with parton showers. Figure 14 : Left: Measured cross section as a function of the inclusive jet multiplicity for inclusive Z+jets events using ATLAS 13 TeV data and comparison with various theoretical predictions [32] . Right: Differential W+jets cross section measurement for the exclusive jet multiplicity using CMS 13 TeV data and comparison to predictions [33] .
Of course, more information can be obtained from differential cross section measurements in which a specific jet multiplicity is selected. For example, Figure 15 presents the results of some of the W+jets differential cross section measurements made with ATLAS 8 TeV data [34] . From these results we see that while a 2-to-2 leading order matrix-element calculation interfaced to a parton shower is not sufficient to account for hard parton radiation, fixed-order matrix-element calculations are also not sufficient to adequately predict the distribution of many observables. For example, the H T variable, presented on the left panel of Figure 15 , is badly modeled by the NLO Black Hat [35] calculation, and even by the NNLO N jetti calculation [36] . It is therefore important to combine both a hard QCD calculation from higher order matrix elements with a soft QCD modeling from a parton shower to properly describe observables like H T . However, this approach includes a new source of variations in the predictions: the matching scheme. As can be seen in the right panel of Figure 15 , there is a large discrepancy between LO and NLO Sherpa predictions after merging/matching the NLO matrix elements to the Sherpa parton shower, with data surprisingly favoring the LO calculations. Could it be due to a problem with the NLO matching procedure? It is certainly possible, but more investigations are needed to support this conclusion. Further uncertainties affect theoretical predictions when, in addition to the exclusive jet selections, heavy flavor requirements are added. Measurements of the W-and Z-boson production accompanied by heavy flavor jets are sensitive to the heavy flavor content of the PDFs, which is not as precisely known as the light-quark content. Production of such jets through gluon-splitting in parton showers is another potential source of discrepancy. The mass of the heavy quarks constitutes a natural cut-off, which pushes the kinematics of the splitting partons away from the soft and collinear region of the phase space, where parton showers are valid. They also cannot account for the 2-to-3 processes, where two heavy flavor quarks are observed in the final state, and where the Z-boson is emitted from one of them. Finally, the effect of the heavy-flavour quark mass is not consistently accounted for in all matrix-element calculations. Some predictions directly take the production of heavy flavor jets from the heavy flavor quarks included in the PDFs. We say that these predictions have been obtained in the 5 flavor scheme (5FNS). The advantage of this approach is that the log(
) terms are directly resummed in the DGLAP equation, and it simplifies the calculation, removing the need for m b = 0 in the matrix elements. Another approach to heavy flavor jet production considers only 4 flavors in the PDFs (4FNS) and getting the massive b-quark flowing through one of the initial fermion lines of the process of interest coming from a gluon-splitting. A fully consistent treatment of this approach requires NLO calculations. Heavy-flavor jets produced from final state gluon-splitting are however modeled in the same way in both schemes, therefore mixing the sources of heavy-flavor jets. The 7 TeV ATLAS W+b-jet measurements [37] , presented in Figure 16 , indicate a tension between data and NLO MCFM [38] predictions. This tension increases with the p T of the B-jet, and therefore seems to be genuine. However, it is a very challenging measurement, and the uncertainties are large, which hinders the conclusions.
The conclusions seem more straightforward for measurements of the Z+b-jet production [39, 40] because there is no flavor mixing in the neutral current at tree-level in the SM. As can be seen on the left panel of Figure 17 , ATLAS results demonstrated that there is a good agreement between the data and the 5 flavor scheme predictions at NLO, but an important discrepancy with the NLO 4 flavor scheme prediction as well as with all of the LO predictions. However, CMS results, presented on the right panel of Figure 17 , indicate that NLO matrix element calculations, matched to a parton shower in the 5 flavor scheme, might not be as good as one would expect. These predictions significantly deviate from the data for small b-jet momenta where the effect of the b-quark mass is relatively important. It is also interesting to observe that if two heavy flavor jets are required in the final state of Z+jets events, as we can see on the left panel of Figure 18 , it is the 4FNS prediction that is found to be in a better agreement with the measurement results. Moreover, the choice of flavor scheme used for the predictions seems to be irrelevant to the modeling of the angular distance between the two b-jets. As can be seen on the left panel of Figure 18 , all LO matrix-element plus parton-shower predictions do not describe well the data in kinematic regions where the two b-jets are expected to be close to each other. On the other hand, when the higher scale gluon-splitting is analytically modeled in an NLO matrix element calculation, the description of the ∆φ bb observable is much better. This is a clear indication of the limits of parton showers in accurately describing gluon splitting into heavy flavor quarks and of the full matrix-element calculations that are needed to account for this. More precise measurements are however still needed in order to fully understand the impact of heavy flavor quarks on pQCD predictions.
Measurement of Processes Dominated by the Electroweak Interaction
So far, the discussion was concentrated on QCD SM measurements at the LHC. It is now time to turn to the electroweak SM physics program of the ATLAS and CMS Collaborations. The first class of measurements to be considered are the W-and Z-boson production in which there is either no hard QCD vertex, or there is a multiple gauge-boson vertex. This is for example the case in vector boson fusion (VBF) processes. Lepton+jets production in VBF processes constitute an important source of background to many Higgs measurements or searches for new physics. These events are characterized by two forward jets with a large rapidity separation. Such processes (together with other electroweak vector boson production with forward jets) have been observed [39] . Comparisons are made to NLO predictions from MCFM interfaced to different PDF sets and to aMC@NLO interfaced to the same PDF set in both the 4FNS and 5FNS. Comparisons are also made to LO multilegged predictions from Alpgen+Herwig+Jimmy and Sherpa. Right: Differential fiducial cross section for Z(1b) production as a function of the leading b-jet p T compared with the MadGraph 5FS, MadGraph 4FS, MadGraph5 aMC@NLO, and Powheg MinLO theoretical predictions. These results have been obtained with the CMS 8 TeV data [40] . [39] . Comparisons are made to NLO predictions from MCFM interfaced to different PDF sets and to aMC@NLO interfaced to the same PDF set in both the 4FNS and 5FNS. Comparisons are also made to LO multilegged predictions from Alpgen+Herwig+Jimmy and Sherpa. Right: Differential fiducial cross section for Z(1b) production as a function of ∆φ Zb compared with the MadGraph 5FS, MadGraph 4FS, MadGraph5 aMC@NLO, and Powheg MinLO theoretical predictions. These results have been obtained with the CMS 8 TeV data [40] .
in many different final states, sometimes with a signal significance exceeding 5σ . As can be seen in Figure 19 , both ATLAS and CMS data are globally in good agreement with predictions. These processes being relatively rare, their experimental uncertainties are significantly larger than the theory uncertainties. Testing the relevant SM physics requires further measurements.
The CMS and ATLAS Collaborations nevertheless succeeded in non-ambiguously observing the electroweak contribution to W+2-jets events, despite a large QCD contribution [41, 44] . This is illustrated in Figure 20 . The left panel presents a comparison between CMS data and predictions from a purely electroweak contribution to the invariant mass of the two leading jets in W+2-jets events. The good agreement between data and predictions therefore implies that the purely electroweak contribution to vector boson production in the VBF phase space is directly observable and is well described by the theory. Similarly, the right panel shows that the QCD-only predictions are insufficient at properly describing ATLAS W+2-jet data in the VBF phase space, and that the electroweak contribution is needed. It will soon be possible to study the interplay between electroweak and QCD higher order corrections. All this is important because the electroweak contribution to VBF processes increases relative to the QCD contribution when the vector boson momentum increases, i.e., in the phase space regions where new physics will soon be searched for.
Electroweak processes can also be carefully studied in events involving the production of multiple vector bosons. There is a plethora of diboson (VV') cross section measurements, which probe electroweak couplings with high precision: V and V' can be a W, a Z or a photon, with the massive gauge boson decaying to electrons (ee or eν), muons (µ µ or µν), or neutrinos (νν). These cross sections have been measured at 7 TeV, 8 TeV, 13 TeV center-of-mass energy, leading to over 60 different possible diboson measurements in each of the ATLAS and CMS collaborations. Figure 19 : Measurements of the cross section times branching fractions of electroweak production of a single W, Z, or Higgs boson at high dijet invariant mass in a VFB event topology, divided by the SM predictions (Powheg+Pythia8 for ATLAS, Madgraph+Pythia8 for CMS, and Powheg+Pythia8 for the LHC combination) [41] .
These different cross sections span many orders of magnitude, as can be seen in Figure 21 . The latest measurement results are challenging NLO predictions, and most results are found in excellent agreement with NNLO calculations, as demonstrated by both collaborations with the two plots of Figure 22 . So far, only two of the many obtained results feature some tension with the predictions. The experimental communities have now started exploring diboson differential cross sections.
As discussed in the introduction, the electroweak processes involve some Feynman diagrams with a triple gauge coupling, which can therefore be used to constrain generic new physics with effective Lagrangians. There are multiple coupling parameters to be constrained, depending on the higher-order effective operators considered. So far, no evidence for a significant deviation with respect to the SM has been observed, and tight constraints have been put on various effective operators. Figure 23 summarizes the combined ATLAS and CMS limits on the anomalous triple gauge coupling (aTGC) from ZZ SM measurements [45] .
One of the biggest SM electroweak experimental challenges is however the measurement of vector boson scattering (VBS). It consists of a VBF process with a diboson final state. It provides a unitarity test of the electroweak sector, because longitudinally polarized diboson VBS amplitudes require a Higgs boson in order to satisfy unitarity. Currently, no observation of a significant SM signal has yet been made, but the experimental collaborations are close to an observation. These measurements are however already valuable because BSM models enhance the VBS signal with an anomalous quartic gauge coupling (aQGC) at high transverse momentum of the vector bosons and at high invariant mass of the diboson system. A few different BSM constraints have been obtained from such VBS measurements [46] , the best ones being summarized in Figure 24 .
Measurements of Electroweak Parameters
Finally, precise measurements of the main electroweak parameters of the SM have high scientific value, as discussed in the introduction. Recent experimental efforts have been dedicated to the measurements of the weak mixing angle (sin 2 θ W ) and of the mass of the W-boson. The weak mixing angle is measured using a forward-backward asymmetry in Z events. Forward and backward events are defined in the Collins-Soper frame by: cosθ = 2(p
The weak mixing angle is extracted from the asymmetry measurement using invariant mass (m ll ) templates, where the vector couplings of leptons to the Z boson are varied. As can be seen on the left panel of Figure 25 , the measured forward-backward asymmetry obtained by the CMS Collaboration with 8 TeV data agrees well with predictions [47] . A summary of various results on the measurement of sin 2 θ W is presented on the right panel of Figure 25 . The precision reached at the LHC [48] is still not competitive with the LEP results, but with more data, and with an ATLAS, CMS, and LHCb combination, which would offset many experimental systematic uncertainties, it is not impossible 
Standard Model Production Cross Section Measurements
Figure 21: Summary of several Standard Model total and fiducial production cross section ATLAS measurements [42] , corrected for leptonic branching fractions, compared to the corresponding theoretical expectations. All theoretical expectations were calculated at NLO or higher. The luminosity used for each measurement is indicated close to the data point. Some measurements have been extrapolated using branching ratios as predicted by the Standard Model for the Higgs boson. vs. NNLO Figure 22 : Left: Diboson cross section ratio comparison to theory: theory predictions updated to latest NNLO calculations where available compared to predictions in the CMS papers and preliminary physics analysis summaries [43] . Right: The ratio for several diboson total and fiducial production cross section AT-LAS measurements over the best available theory prediction, corrected for leptonic branching fractions [42] .
aTGC Limits @95% C.L. Figure 23 : Combination of ATLAS and CMS experiment results on ZZ production measurements to obtain constraints on anomalous neutral triple gauge boson couplings. The limits are on aTGCs one-parameter for an effective theory cut-off scale set to Λ = ∞. All anomalous coupling parameters other than the measured one are set to their SM values.The datasets correspond to integrated luminosities of 4.6 and 5.0 fb −1 for ATLAS and CMS, respectively. The combination is performed in the fully leptonic decay channels. Details of the combination procedures are discussed in [45] . The observed 2D confidence region (solid black contour) for two anomalous quartic gauge boson coupling parameters α 4 and α 5 , at 95% CL. Results from different ATLAS VBS production analyses are compared: WW/WZ semi-leptonic channel (in black), W ± W ± (in red) and WZ (in cyan) [46] .
that the LHC will eventually reach the level of precision attained at LEP. That would allow for stringent consistency tests of the SM. The ATLAS experiment recently published the first LHC W mass measurement [49] . The level of precision reached with this measurement is comparable with the precision obtained by the CDF collaboration a few years ago. This can be seen on the right panel of Figure 26 . This measurement is very challenging because it requires several precise and sophisticated ancillary measurements to pin down the various systematic uncertainties affecting the results. Most of the measurements presented above have, in one way or another, contributed to the precision of the W-mass measurement. ATLAS reached a stunning 0.024% precision on M W . Such a result can be used in consistency tests, as discussed in the introduction. Current result indicates an excellent agreement between W, top and Higgs mass measurements, as can be seen on the right panel of Figure 26 .
Conclusion
QCD and electroweak phenomena are pervasive elements of particle physics. They are the subject of a variety of challenging experimental measurements, a small subset of which has been shown in this proceeding. Each measurement usually delivers an important message to the experimental and theoretical communities. Comparison of the results against the state-of-the-art theory predictions have indicated that theoretical improvements are needed to address some of the observed tensions. On the other hand, the measurements have been used to reach improved understandings of the proton structure, of soft and hard QCD radiation, of electroweak contribution to various vector boson production modes, and of the gauge structure of the SM, including the possibility of anomalous triple and quartic gauge couplings. These measurements help reduce uncertainties, therefore improving the general sensitivity of LHC experiments to new physics. The LHC SM physics program is far from being exhausted, new measurements are still needed. Mastering QCD and electroweak phenomena is both essential for the future of the LHC program and for the advancement of our knowledge.
